Unlike all the small molecule aromatic compounds, graphene is a zero gap semiconductor. A recent study showed that photogenerated carriers in graphene first equilibrate among themselves through carrier-carrier scattering within ∼100 fs, followed by a slower decay (∼1 ps) to the Fermi level through carrier-phonon scattering. 9 The lifetime of the excited carriers of graphene is ∼5 orders of magnitude shorter than the fluorescence lifetimes of naphthalene and pyrene (∼100 ns). 10 In view of the very short lifetime, capturing the hot electrons and holes of graphene would be extremely difficult. Thus, we expect graphene to exhibit very low photochemical reactivity.
We have studied the reaction between graphene and benzoyl peroxide, a phenyl radical precursor, under laser illumination. We prepare single-and few-layer graphene microscale films by mechanical exfoliation of Kish graphite onto a silicon substrate having 300 nm of thermal oxide. 1 Thin graphene flakes were located with an optical microscope; the exact thickness of the flake was further identified using micro Raman spectroscopy. 11 In a typical reaction, a flake of single-layer graphene on the silicon substrate was immersed in a quartz cell that was filled with a toluene solution of benzoyl peroxide (5 mM) at ambient temperature and atmosphere. The reaction was initiated by focusing an Ar-ion laser beam (λ ) 514.5 nm, 0.4 mW) onto the graphene flake in the solution. A detailed description of the experiment can be found in the Supporting Information (SI). Figure 1A shows the micro Raman spectra of the same piece of single-layer graphene before and after the photochemical treatment. After the reaction, a strong D band appeared at 1343 cm -1 , which indicates that a significant number of defects were introduced into the basal plane of graphene. These defects are presumably sp 3 carbon centers produced by the phenyl radical attack on the basal plane. 12 Scheme 1 outlines the overall reaction; no mechanistic details are implied. We find that photoexcitation is required for the reaction (see below). In addition, if the graphene flake was subject to an extended laser irradiation in benzoyl peroxide solution, micrometersized holes were observed on the basal plane with an optical ( Figure  1B ) and an atomic force microscope ( Figure S1 ). We interpret the formation of the holes as the result of the photo-oxidation of the defect-rich carbon network. After the reaction, Raman imaging of the graphene flake in air showed that only the points of the laser focus give a strong D band ( Figure 1C ).
We have studied the effect of this photochemical reaction on the electrical properties of graphene. We carried out the photochemical reaction on a graphene field effect transistor (FET) device ( Figure S2 ). Defects were introduced into the graphene channel between the source and drain electrodes by scanning the laser beam across the graphene flake with a computer controlled translational stage. The reaction resulted in a significant decrease (50%) in the electrical conductivity and an increase in the hole doping level (Figure 2 ). The decrease in the electrical conductivity is consistent with the introduction of the sp 3 defect centers, which decreases the charge mobility. 13 We attribute the increase in the hole doping level to the physisorption of benzoyl peroxide on graphene. Indeed, an FET device treated with a benzoyl peroxide solution, but without laser exposure, showed a similar change in the hole doping level ( Figure S3 ).
The kinetics of the photochemical reaction were studied with in situ micro Raman spectroscopy. Figure 3A shows the time evolution of the Raman spectrum of a single-layer graphene during the reaction. The reaction can be divided into two stages. In the first stage, the D band grows in intensity essentially linearly without a significant change in its width and shape ( Figure 3A , 1-4 min). This stage is followed by an abrupt change in the Raman spectrum. The intensity and width of both the D and G bands increased dramatically ( Figure 3A , 5 min). After 5 min of reaction, the Raman spectrum is very similar to that of graphite oxide and disordered graphitic materials, 14 suggesting that the sp 2 carbon network of graphene has been broken into nanometer sized domains. 15 The abrupt change in the Raman spectrum at 5 min indicates that the reaction is autocatalytic; the reactivity of graphene increases as more defect sites are formed. 16 With continuing laser illumination, we observed a steady decrease in the intensities of both the D and G bands, which we attribute to the photo-oxidation of the severely damaged carbon network. The quantum yield of the reaction at the early stage was estimated to be on the order of 1.7 × 10 -10 defects per photon for a single-layer graphene (SI). Figure 3B compares the time evolution of the D band peak intensity for a single-layer and a double-layer graphene. The reactivity of the double-layer graphene is significantly lower than its single-layer counterpart. The single-layer graphene developed a strong D band within 4 min, after which the D band intensity decreased as a result of the photo-oxidation. In contrast, we did not observe photo-oxidation of the double-layer graphene for up
studies on the oxidation and hydrogenation reactions of single and few-layer graphene; in both cases, single-layer graphene was found to be much more reactive than the doublelayer graphene. 14, 17, 18 We speculate that the enhanced reactivity of single-layer graphene is due to the surface induced corrugation, the lack of interlayer π stacking, or contact of the substrate with the reacting layer. 14, 18 The effect of the substrate can be probed by comparing the reactivity of SiO 2 supported graphene with that of mica supported and suspended ones.
We have studied the effect of oxygen, solvent, and light intensity on the reaction. We find that the defect formation is not due to oxidation by oxygen. The D band is not observed when a singlelayer graphene is irradiated with laser in air or in aerated toluene without benzoyl peroxide ( Figure S4 ). In addition, the reaction between graphene and benzoyl peroxide still produced a strong D band under an Ar atmosphere, except that no destructive photooxidation occurs. Instead, we observed deposition of materials in the laser focus, accompanied by a very strong fluorescence background in the Raman spectrum. The deposited materials are presumably a polyphenylene type of polymer formed by the radical attack on the bound phenyl groups. 19 We also find that switching the solvent from toluene to benzene or CCl 4 gave qualitatively the same result ( Figure S5 ), suggesting that hydrogen abstraction of the benzylic proton of toluene does not affect the reaction to a significant degree. The effect of light intensity was studied by carrying out the reaction on two different spots of the same singlelayer graphene at laser powers of 0.4 and 0.04 mW, respectively. The two spots are several micrometers apart to minimize any interference. We found that the D band grew at almost the same rate with respect to the number of photons ( Figure S6 ). Since the reaction kinetics are not affected by the light intensity, we conclude that the defect formation is likely limited by a single-photon process. The lowest power level at which we were able to observe the appearance of the D band was 4 µW (∼1600 W/cm 2 ). Unfortunately, sample stage drift makes it difficult to collect kinetics data under such low light conditions. Photoexcitation is required for the reaction. To demonstrate this, we first estimate the local temperature within the laser focus by analyzing the power dependence of the G band shift, which is known to be temperature dependent. 20 We find that the local temperature within the laser focus is no more than 100°C at a power level of 0.4 mW. We then carried out thermal reactions between single-layer graphene and benzoyl peroxide in toluene at temperatures up to 110°C. At these temperatures benzoyl peroxide readily decomposes; however, we observed no significant D band in these reactions ( Figure S7 ). 21 One intriguing question is how benzoyl peroxide decomposes, especially when very low laser power was used. Under such conditions, the photothermal heating is negligible; in addition, direct photolysis of benzoyl peroxide is not likely because the molecule is transparent at the laser wavelength. The only light absorbing material is graphene. We suggest that benzoyl peroxide accepts an electron from photoexcited graphene then decomposes to the phenyl radical (Figure 4) . Electron transfer mediated decomposition of benzoyl peroxide is well documented. 22 In particular, benzoyl peroxide can be photosensitized by small aromatic molecules, such as naphthalene. 23 An exciplex formed between a photoexcited naphthalene and a ground state benzoyl peroxide is postulated to be a key player in this process. Electron transfer from the photoexcited naphthalene to benzoyl peroxide initiates its decom- position to benzoate and a benzoyloxyl radical. Subsequent decarboxylation of the benzoyloxyl radical produces the phenyl radical. We suggest that in our reaction graphene behaves like naphthalene. As seen above, a graphene FET device that has been immersed in a benzoyl peroxide solution showed an increased hole doping level, suggesting that benzoyl peroxide adsorbs onto the graphene surface and chemically dopes graphene by charge transfer. We suggest that the surface adsorbed benzoyl peroxide decomposes by accepting a hot electron from photoexcited graphene. The benzoyl peroxide radical anion spontaneously and irreversibly decomposes to benzoate and the benzoyloxyl radical, 22 preventing the back electron transfer from the transiently reduced benzoyl peroxide to graphene. Very similar mechanisms were recently proposed for the photochemical reactions between water and graphite 24 and the photooxidation of citrate on silver nanocrystals. 25 To test this hot electron transfer mechanism, we have measured the reaction kinetics at three different laser wavelengths. We found that the wavelength of the laser significantly affects the reaction kinetics. At the same power level and relative to the kinetics of using a 514 nm laser, the reaction is ∼5 times faster when using the 458 nm laser and is ∼10 times slower when using the 633 nm laser (Figures S8, S9) . Such a strong dependence of the reaction kinetics on the excitation energy is consistent with the hot electron transfer mechanism; an increase in the excitation energy increases the energy of the hot electron, thus increasing the rate of electron transfer to benzoyl peroxide.
Consistent with the electron transfer mechanism, we find that tert-butyl peracetate does not react with graphene under similar reaction conditions. Density functional theory calculations show that the vertical electron affinity of benzoyl peroxide is ∼13.2 kcal/ mol (SI). The benzoyl peroxide radical anion spontaneously decomposes to benzoate and the benzoyloxyl radical. In contrast, the radical anion of tert-butyl peracetate is unbound with respect to the neutral molecule and a free electron (SI). The difference in the vertical electron affinities of these two molecules is consistent with the reactivity difference we observed.
In conclusion, we have shown that graphene reacts with benzoyl peroxide under intense laser irradiation, producing significant defects in the basal plane. Single-layer graphene is ∼14 times more reactive than double-layer graphene. After the reaction, the electrical conductivity of the graphene flake decreased while the hole-doping level increased. We suggest that a hot electron initiates an electron transfer from photoexcited graphene to the physisorbed benzoyl peroxide. This electron transfer produced a transient benzoyl peroxide radical anion, which irreversibly decomposes to produce the phenyl radical, which introduces sp 3 defect centers onto the basal plane of graphene.
